Titanomagnetite concentrate was reduced by graphite isothermally under argon gas in thermogravimetry system at 1 373 to 1 623 K. The influences of reductive conditions on the reduction and metallization degree including reduction temperature, reduction time and C/O molar ratio were studied. And the characteristics of reduced samples were analyzed by XRD, BES and EDS. Results shown that in the temperatures range of 1 423 to 1 623 K, initially the reduction proceeded rapidly and after 30 min only a slow increase in reduction was observed. The low reduction degree was owing to the high impurities oxides content such as magnesium oxide in titanomagnetite concentrate and the reduction and metallization degree increased with the C/O molar ratio until up to 1.0 at 1 623 K. Above 1 373 K, the reduction path is suggested as follow:
Introduction
The demand for titanium dioxides which are widely used in paint, paper and plastics industries is increasing rapidly. 1) At present, ilmenite (40-65% TiO2) is the main sources for production of metallic titanium and titanium containing compounds. 2) Since the sources of high-grade titania-ferrous ores are decreasing in the world, the utilization of low-grade minerals such as titanomagnetite (TTM, 10-16% TiO2) has attracted more attention. 3, 4) China has the largest titaniaferrous ores reserve about 2×10 8 t (in TiO2). 5) Panzhihua titanomagnetite accounts for more than 90% titanium reserves in China and more than 35% around the world. 6) At present the TTM concentrate is mainly smelted in the blast furnace (BF) to make iron. In BF process, most of titanium components in the ore are concentrated into molten slag (22-25% TiO2). 7) Due to the scattered distribution of titanium components in various fine grained mineral phases (<10 μm) with complex interfacial combination, it is difficult to recover the titanium components and metallic iron through traditional separation processes. 8) In the past decades, a number of researches have been conducted to improve the utilization of titania-ferrous, including smelting, 9) direct acid leaching, 10) selective chlorination 11) and reduction. 12) Among these, the direct reduced iron (DRI) process is supposed to be a more practical and effective way. Recent years, the Rotary Hearth Furnace (RHF) directed reduction process, a new DRI process which takes advantages of low requirement of raw material performance, high temperature (~1 623 K) and rapid reduction (~30 min), attracts much attention. 13) And a relative route, RHF directed reduction -electric arc furnace (EAF) melting separation method, has been proposed for refining both iron and Ti slag from the TTM concentrate. 3) In this process, TTM concentrate is first reduced by pulverized coal in RHF and then smelted in EAF. Although the RHF-EAF method is feasible in production, the reductive kinetics of reaction at high temperature between TTM concentrate and carbon are still unclear with little research. The aim of this work is to investigate the isothermal reduction behaviors of TTM concentrate with carbon reductant. The influences of reductive conditions on the reduction and metallization degree of TTM concentrate such as reduction temperature, reduction time and C/O molar ratio were studied. Also the characteristics of reduced samples, reductive kinetics and reduction path were analyzed.
Experimental

Materials
The TTM concentrate used in this study was obtained from Panzhihua, in Sichuan province of China. After drying and grinding, the particle size of concentrate was 5.03-64.79 μm. Chemical composition of concentrate is listed in Table 1 . Phase characteristic of sample was investigated by XRD. The result in Fig. 1 
shown in Figs. 2 and 3 using LMS-30 laser particle size analyzer.
Experimental Procedures
The TTM concentrate and graphite were thoroughly mixed by stirring over 30 min. The addition amount of graphite is according to the molar ratio of carbon to oxygen corresponding to Fe 2 O 3 and FeO in the TTM concentrate. Then the mixtures were pressed in a closed die of 9 mm in diameter under 15 MPa to produce cylindrical pellets with mass of about 2 g and height of 8 mm. The reduction experiments were conducted in a vertical tubal electric furnace with Pt-Rh thermocouples and Si-Mo heating elements. Argon gas with a flow rate 5 L/min was purged into the tube for providing inert ambience. When the furnace temperature reached the reduction temperature and became stable, the pellets put in a pre-heated alumina crucible were lowered into the hot zone of the furnace starting the reduction reaction. During the reduction process, the weight changes of reacting samples were monitored by electronic balance (Mettler-Toledo AL104) and recorded in real-time by computer. When reduction experiments were finished, samples were withdrawn from the furnace and quenched in water for analysis. The mineralogical morphology of sample was examined by XRD (Nikkaku D/max-RB, using Cu Kα), BES (JSM-6480LV) and EDS (Noran System six).
Results and Discussion
In analyzing the results, an almost direct correlation between total mass loss and oxygen loss can be assumed since the gas produced during the reduction showed it to consist of CO more than 99%. 14) Therefore the experimental results were presented in terms of the ratio of mass loss against reduction time (1) where w0 is the starting mass of sample after removal of moisture, wm is the mass of sample after reduction time t, and wt is the maximum possible mass loss contributed by total carbon and oxygen from iron oxides in pellet sample with the molar ratio of carbon to oxygen 1.0 (C/O=1.0).
The metallization degree (η) of each sample was calculated by following formula:
Where MFe is the weight of metallic iron after reduction, TFe is the weight of total iron after reduction. The total iron content was analyzed by ICP-AES and metallic iron was analyzed by chemical method. The porous samples after reduction were analyzed and the reductive kinetics were discussed in detail as follows.
Effect of Temperature
Plots of the reduction and final metallization degree of TTM concentrate reduction by graphite with C/O=1.0 at different temperatures as a function of time are shown in Figs. 4 and 6 (Curve A). From figures, it can be seen that temperature obviously influences the reduction and metallization degree. With temperature increasing, the reduction and metallization degree increases. At 1 373 K, the reduction degree gradually increases over reduction time. But at higher temperatures from 1 423 K to 1 623 K, initially the reduction proceeds rapidly and after 30 min only a slow increase in reduction is observed. It indicates that the significant fast reduction occurs at temperatures above 1 423 K, which is consistent with the experimental results from Wang 15) and Chen. 16) Compared with the studies of Wang 15) and Chen, the reduction degree of TTM concentrate is lower, especially at the low temperature at 1 373 to 1 473 K, owing to the high content of impurities oxides including magnesium, manganese and aluminum oxides. This phenomenon can be explained by the barrier effect. 17) It is known from thermodynamic data that during the reduction of TTM concentrate, it is neither possible to reduce magnesium in the TTM to magnesium oxide or magnesium metal nor could magnesium pass into solid solution in titanium oxide. 18) During the reduction of TTM concentrate, the magnesium concentration ahead of the reduction interface increased in TTM concentrate by direct reduction of Fe 2+ . This lowered the thermodynamic activity of the Fe 2+ , making its reduction progressively more difficult. Eventually, the magnesium concentration became so high, and the iron activity was so low that the reduction of Fe 2+ to metallic iron almost stopped. Similarly, manganese and aluminum oxides have the same effect on the reduction kinetics as magnesium oxide since the impurities oxides content of the briquette increases the barrier effect. 19, 20) However, magnesium oxide has somewhat larger effect on the reduction kinetics than manganese oxide. This might be due to the fact that magnesium oxide forms a more stable solid solution with titanium and iron oxide than other impurities oxides. 21) And compared with the study of Li, 22) the reduction degree of TTM concentrate is higher due to the lower content of impurities such as magnesium and manganese oxides.
Effect of Reductant Content
Effect of graphite content on the reduction of TTM concentrate was studied at 1 623 K. C/O varied from 0.6 to 2.0. The reduction curves are presented in Fig. 5 . As shown in Figs. 5 and 6 (Curve B), increase in C/O from 0.6 to 1.0 causes a sharp increase both on the reduction degree after 10 min and the final metallization degree. This can be considered as reductant content turned from insufficient to saturation. And at initial stage of reduction, the reduction degree also increases with the increasing of C/O from 0.6 to 1.0, although not as sharply, which can be attributed to the faster Boudouard reaction to provide reductant CO. This is caused by the shortening of the diffusion paths for CO that created by reaction between concentrate particles and carbon particles, when an ore particle is well surrounded by carbon particles. But there is no significant effect on the reduction and metallization degree observed when further increasing C/O from 1.0 to 2.0. This is different from Wang's work 15) that the increase of C/O from 1.0 to 3.0 can also enhance the reduction degree sharply at 1 373 K, but it is similar as Chen's work 16) at 1 473 K from 1.0 to 1.5, which can be conclude that the effects of reductant content with excess C/O on the reduction and final metallization degree become weak with temperature increasing.
Phase Transformation during Reduction of Titanomagnetite Concentrate
In the experimental condition, the reduction temperature affected the reduction and metallization degree as well as the composition of sample significantly. Figure 7 presents the final reduction products at different temperature after 120 min reaction. The sample reduced at 1 373 K contains iron and TTM phase. And then ilmenite and ferrous-pseudobrookite appeares in samples reduced at 1 423 and 1 473 K, respectively. At 1 523 K, the intensity of ilmenite peaks become weaker and ferrous-pseudobrookite peaks get stronger, which means that the content of ilmenite falls and that of ferrous-pseudobrookite rises. The intensity for graphite and TTM peaks decrease further and those for iron increase with temperature increasing. At 1 623 K, C and TTM phase have disappeared, meaning that reductant gets exhausted and all TTM should be reduced. However, after 120 min reaction, not only metallic iron but also traces of ilmenite and ferrous-pseudobrookite remain in the sample. This is because of the barrier effect of impurities and morphology changes by reduction which will be discussed later. The results of phase analysis and metallization degree of reduced samples at different temperatures are given in Table 2 . Samples in the progress of reduction at 1 623 K were analysed by XRD as shown in Fig. 8 . At the beginning of reduction 2.5 min, there is no new phase observed in sample nearly same as raw TTM concentrate. In the early stage of reduction for 5 min and 10 min, when the metallization degrees are 26.48% and 50.83% respectively, wüstite peaks as a transition phase are detected. And although there are some ilmenite contained in the raw ore of TTM concentrate, ilmenite could also be considered as a produced phase in the progress of reduction with higher peaks. After 15 min, ferrous-pseudobrookite is observed and wüstite disappears in the sample with the metallization degree 80.95%. Similar with the results of reduction by gas, 23) wüstite in TTM is reduced very rapidly, which explains the weakness of wüs-tite peaks in the XRD patterns. Starting from 20 min, the peak of reductant becomes weaker than that of ilmenite and ferrous-pseudobrookite. Furthermore, no new phases appeared in later stage of reduction. In the XRD pattern of sample by reduced for 30 min, nearly 100% of reduction of iron oxides achieved, but the peaks of Ti oxides are still not detected. This may be due to the low Ti oxides content, and further investigation such as TEM and MLA observation can be used for clarifying the formation of TiO2. 24) The results of phase analysis and metallization degree of reduced samples in the progress are given in Table 3 .
In equilibrium state, the reduction of TTM in the Fe-Ti-O system proceeds the following path: 25, 26) .... (3) The reduction path includes the formation of intermediate Ti-containing phases such as ülvospinel (Fe2TiO4), ilmenite (FeTiO3) and ferrous-pseudobrookite (FeTi2O5). In equilibrium state, the transformation in structure of Ti-containing phase during the reduction of TTM concentrate can be presented by the following sequence: TTM (spinel cubic)→ülvospinel (spinel cubic)→ilmenite (rhombohedral)→ferrous-pseudobrookite (orthorhombic)→ rutile The first step includes the transformation of TTM to wüs-tite and ülvospinel with the rearrangements of Fe 2+ in tetra- 
hedral and octahedral sites in the lattice, and then it is the transformation from Fe 2+ in tetrahedral and octahedral sites to the cubic metallic iron as shown in Eq. (4) (The structure of TTM was presented by the Akimoto model 24, 27) ). In experiments, XRD results ( Fig. 8 and Table 3) show that the easy step in the reduction is TTM to wüstite starting with the reduction of Fe 3+ to Fe 2+ and wüstite to Fe accompanied by the removal of oxygen. Titanium in TTM stabilizes the spinel structure, so the difficult step in the reduction is the release of Fe 2+ from titania-ferrous phase (that is, from ilmenite and ferrous-pseudobrookite to metallic iron). Base on the above analysis, the reduction path of TTM under the experimental condition is presented as follow: 
Morphology and Energy Disperse Spectroscopy
Analysis Morphology of particles in the progress of TTM concentrate reduction by graphite at 1 623 K were examined by BES (Fig. 9) . It can be seen from Fig. 9(a) that the raw ore of TTM concentrate is non-homogeneous particles with an impurities oxides phase having a lamella structure with a vertical or horizontal angle. According to EDS analysis (Table 4) (Fig. 8 and Table 3 ). After 5 min reduction ( Fig. 9(b) ), the reduced iron first appears at outside surface of particle and the phase at the inner of particle is basic invariable. But the phase boundaries become smooth and the impurities oxides phase disappears which could be the results of phase diffusion at the high temperature and formation of low melting point substances. According to the previous analysis, in TTM concentrate, Fe 3+ is easier to be reduced to Fe 2+ and further to Fe accompanied by the removal of oxygen. Therefore, in the following progress of reduction, the Fe 2+ in the light gray region can act as nucleation starting point. Overall, the reduction of the TTM concentrate particles started in a topochemical way. After 10 min reduction (Fig. 9(c) ), the internal unreduced phase becomes more homogeneous and the reduced iron begins to nucleate and grow up at the inner of particle. This phenomenon has continued and is more obvious in Fig. 9(d) with 15 min reduction. In the middle and late stages of reduction with metallization degree 50%-90%, basically there are three morphological regions, white iron phase, gray unreduced region and black slag phase (in Figs. 9(c) and 9(d) ). From EDS analysis ( . Even after 120 min reduction (Fig. 9(f) ), there are still some unreduced phase remained in the particle surrounding by uniform and dense metallic iron which forms a shell can also hinder the reduction.
Conclusions
(1) In the temperature range of 1 423 to 1 623 K, initially the reduction of TTM concentrate by graphite proceeded rapidly in the first 30 min, with the reduction time prolonging, the reaction rate decreased and at last the reduction was arrested. The low reduction degree is owing to the high impurities oxides content such as magnesium oxide in TTM concentrate which baffled reduction of Fe 2+ .
(2) The reduction and metallization degree increased with the molar ratio of carbon to oxygen until up to 1.0. However, the effect was negligible with the further increase of the molar ratio.
(3) During the reduction, TTM concentrate was reduced to iron and iron-titanium oxides or titanium oxides, depending on the reduction temperature and time. The reduction path at temperatures above 1 373 K is suggested as follow: 
